In this paper we provide evidence that the Cassie-to-Wenzel transition, despite its detrimental effects on the wetting properties of superhydrophobic surfaces, can be exploited as an effective micro-fabrication strategy to obtain highly ordered arrays of biological objects. To this purpose we fabricated a patterned surface wetted in the Cassie state, where we deposited a droplet containing genomic DNA. We observed that, when the droplet wets the surface in the Cassie state, an array of DNA filaments pinned on the top edges between pillars is formed. Conversely, when the Cassie-to-Wenzel transition occurs, DNA can be pinned at different height between pillars. These results open the way to the realization of tridimensional arrays of biological objects.
Introduction
In the last decades a large effort has been devoted to the realization of microstructured superhydrophobic surfaces, exhibiting both high contact angles (larger than 140 • -150 • ) and low roll-off angles [1] [2] [3] [4] . Thanks to their wetting properties, these surfaces are of increasing interest in a variety of fields including self-cleaning and antifouling surfaces, film coating, MEMS/BioMEMS and microfluidics [5] [6] [7] [8] .
Two wetting regimes are possible for a water droplet deposited on these surfaces: the Cassie-Baxter state (often referred as suspended state) and the Wenzel state (often referred as impaled state).
In the Cassie-Baxter state, the droplet bridges between surface features with trapped air underneath.
This wetting regime competes with the Wenzel state, where the liquid wets entirely the surface and no air is trapped.
However, a transition between the Cassie-Baxter state and the Wenzel state can easily occur for several reasons, including droplet evaporation [9] [10] [11] [12] .
For most of the technological application this transition is highly detrimental and needs to be prevented. The Cassie state indeed minimizes the water adhesion, the contact angles hysteresis (the difference between advancing and receding contact angles) and the water rolloff angle [13] [14] [15] .
These characteristics are key factors in the realization of self-cleaning surfaces. Hence, in many practical applications the Cassie state is preferred over the Wenzel state.
As a consequence, many studies have been performed to shed light on the mechanism behind this transition with the aim to realize a suspended state as stable as possible [16] .
To this purpose, Papadopoulos and co-workers recently imaged the implement dynamics of a drop deposited on a pillar array by confocal microscopy, detailing the Cassie-to-Wenzel transition while it is occurring. Under evaporation condition, they demonstrated the drop rim recedes via stepwise depinning from the edge of the pillars. Once the pressure becomes too high, the drop slowly impales the texture. As soon as the rim touches the substrate, a complete wetting occurs in the millisecond timescale [17] .
However, since most of the research effort has been devoted to preserve a stable Cassie state, the possible technological applications of the Cassie-to-Wenzel transition are largely unexplored.
In this paper we provide evidence that this transition -despite its detrimental effect on the surface wetting properties -can provide an effective micro-fabrication strategy to obtain highly ordered tridimensional arrays of biological objects using a bottom-up approach. Toward this end, we fabricated a patterned superhydrophobic surface, where we deposited a droplet containing genomic DNA. We observed that, when the droplet wets the surface in the Cassie state, an array of DNA filaments pinned on the top edges between adjacent pillars is formed. Conversely when the Cassieto-Wenzel transition occurs, DNA bundles can stick at different height between pillars.
Materials and methods

Fabrication of superhydrophobic surfaces
Two Different pillar geometries have been tested, namely square-shaped pillars and saw-shaped pillars. The former was fabricated on silicon substrate by electron beam lithography (Vistec EPBG-5HR acceleration voltage: 100keV) and Inductive Coupled Plasma (ICP) Si etching. A 1.2 µm thick layer of Shipley UVIII electronic resist was spun on the silicon surface, exposed with a dose of 25 µC/cm 2 and developed. A thin Cr film (30 nm) was then deposited and lifted off to define the device pattern: an array of pillars (5 µm side; 14 µm pitch). The device pattern was transferred on the substrate by a two-steps ICP Si etching (First step: protection, pressure: 100 mTorr, Ar:30 sccm, C 4 F 8 :187 sccm, ICP: 600 Watt, t: 2s; Second step: etching, pressure: 100mTorr, Ar:100 scccm, SF6: 90 sccm, Cathode bias: 70V, ICP: 500 Watt, t:10s). As for the sawshaped pillars array, a 400 nm thick layer PMMA 950K 9% was spun on a Si wafer, exposed with a dose of 700 µC/cm 2 and developed. A 30 nm thick Cr film was then deposited by e-gun assisted evaporator and lifted off. The device pattern was transferred on the substrate by the same ICP etching procedure. After cleaning in Piranha solution (H 2 SO 4 /H 2 O 2 =3:1), both microstructured Si wafers were silanized with 10% trimethylchlorosilane in toluene to impart the superhydrophobic behavior.This fabrication step is fully discussed in reference [18] .
DNA isolation
DNA isolation was performed according to standard phenol/chloroform protocol. To 1 mL blood sample (EDTA, heparin, citrate), 0.8 mL 1X SSC buffer was added and mixed. Sample was centrifuged for 1 minute at 12,000 rpm and the supernatant discarded. Then 1 mL of 1X SSC buffer was added. The sample was vortexed and centrifuged for 1 minute, and then the supernatant was removed. 375 µL of 0.2M NaOAc was added to pellet and vortexed briefly. Then 25 µL of 10% SDS and 5 µL of proteinase K (20 mg/ml in H 2 O) (Sigma P-0390) were vortexed briefly and incubated for 4 hour at 55℃. 120 µL phenol/chloroform/isoamyl alcohol were added and vortexed for 30 seconds. The sample was centrifuged for 2 minutes at 12,000 rpm in a microcentrifuge tube. The aqueous layer was removed and transferred to a new 1.5 mL microcentrifuge tube, and 1 ml of cold 100% ethanol was mixed and incubated for 15 minutes at −20℃. Then the samples were centrifuged for 2 minutes at 12,000 rpm in a microcentrifuge. The supernatant was decanted and drained. 180 µL 10:1 of TE buffer were added to the sample, and then the sample was vortexed and incubated at 55℃ for 10 minutes. 20 µL of sodium acetate (2M) were added and mixed to the sample. Then 500 µL of cold 100% ethanol was added and centrifuged for 1 minute at 12,000 rpm in a microcentrifuge. The supernatant was decanted and the pellet was rinsed with 1 mL of 80% ethanol. After 1 minute centrifugation at 12,000 rpm in a microcentrifuge, the supernatant was decanted and the pellet dried. The pellet was resuspended by adding 200 µL of 10:1 TE buffer. After incubation overnight at 55℃, the sample was vortexed periodically to dissolve the genomic DNA, the DNA concentration was assayed by spectrophotometer (260 nm) and was 150 ng/mL. Figure 1 shows two SEM micrographs of stretched DNA bundles obtained by the deposition of 5 µL genomic DNA solution on a superhydrophobic surface previously wetted in the Cassie state. After the droplet deposition, the patterned surface was tilted by 10 • and the droplet was allowed to completely evaporate before measuring. Two superhydrophobic surfaces with different pillar geometries were used: a square shaped geometry containing small protrusions as shown in Fig. 1(a) and a saw-shaped geometry in Fig. 1(b) . In both cases, DNA filaments are suspended above pillars and precisely pinned to the pillars' asperities. Figure 2 (a) shows a SEM micrograph of an ordered array of DNA bundles stretched on a superhydrophobic surface with saw-shaped pillars. Two different regions can be clearly distinguished: on the left, three perfectly aligned and suspended DNA bundles can be recognized. The mechanism behind the deposition of aligned and suspended filaments of biological objects is fully detailed in reference [19] [20] [21] [22] . Briefly, under evaporation conditions, the retracting drop edge at the three phase contact line stretches the DNA filaments along the de-wetting direction. While receding, the droplet forms capillaries which precisely pin to the pillar protrusions allowing us to control the bundles position and orientation with a high level of accuracy. During this process the drop wets the surface in the Cassie state and therefore the stretched DNA bundles are pinned exclusively on the top of the pillars.
Results and discussion
On the right part of the figure, a large DNA deposit can be observed. As demonstrated in reference 9 and 24, the presence of this deposit indicates the occurrence of a Cassie-to-Wenzel transition. The solute indeed remained not only at the top of the pillars but also at the bottom,proving that the drop sank inside the texture. Figure 2 (b) shows a SEM micrograph of the whole DNA deposit. The deposit has a circular shape with a radius of few hundreds of microns.
In Fig. 2(c) an enlarged details of the outer rim of the deposit are shown. Two stretched DNA bundles suspended above the solute deposit are highlighted by red arrows. The presence of these filaments can be explained by taking into account the peculiar Cassie-to-Wenzel transition dynamics.
As the drop volume reduces, the drop contact line slides inward, with a consequent decrease in the rim diameter.During its motion, the contact line stretches DNA bundles above pillars (this step is schematically represented in Fig. 3(a) and Fig. 3(b) ). However, as soon as the Cassie-to-Wenzel transition occurs, it is accompanied by a decrease of the apparent contact angle by a few degrees. Therefore, in order to conserve the drop volume, the contact line jumps back outward with a consequent increase in the rim diameter ( Fig. 3(c) ). Then the contact line remains pinned during further evaporation causing the solute deposition also in the region where, immediately before the transition, DNA filaments have been stretched above pillars ( Fig. 3(d) ). The above described wetting dynamics fully explains the coexistence in the same sample region of suspended DNA filaments and the DNA deposit observed in Fig. 2(c) .
After the Cassie-to-Wenzel transition Before the Cassie-to-Wenzel transition In Fig. 4 two large ordered arrays of stretched DNA bundles are shown. These arrays are obtained before (panel a) and after (panel b) the occurrence of the Cassie-to-Wenzel transition. In the latter case the SEM micrograph has been acquired inside the DNA deposit. It is worth stressing here that DNA deposits are generally not homogenous. Therefore both ordered regions (as shown in Fig. 4(b) ) and disordered regions (as in Fig. 2(a) and 2(c)) can be found. This phenomenon is still not fully understood and therefore it needs further in-depth studies. However, in this case, we can estimate a yield for the ordered state of about 15%. Before the transition, DNA bundles are suspended above pillars and precisely pinned to the pillar protrusions. The suspended DNA bundles are monodisperse in sizes, showing a diameter distribution ranging between 20 nm and 30 nm [19] .
After the transition, DNA bundles are not suspendedabove pillars anymore (Fig. 2(c) ) in Fig. 4(b) . Conversely, they stick to the lower part of the pillars. An enlarged detail of the sticking point is shown in Fig. 5(a) , where two DNA bundles are stuck at about 6 microns and 9 microns from the pillar base. As can be clearly observed in Fig. 5(b) , after the transition, bundles are larger than those in Fig. 4(a) , showing a diameter of few hundreds of nanometres. This is probably due to the fact that DNA concentration in solution increases as the drop volume reduces. It can be noted that DNA bundles in Fig. 4(b) and Fig. 5(a) are not deposited at the pillar base. This fact indicates that the portion of the drop responsible of the bundles formation was in a metastable Cassie state [24] . In this state Laplace pressure is insufficient to overcome the energy barrier required to completely wet the surface, but it is high enough to wet a portion of the pillars wall. This consideration suggests that DNA bundles can be deposited at different height by controlling Laplace pressure as schematically represented in In particular several models have been proposed to calculate the drop penetration depth between pillars. Jung and Bhushan proposed a very simple model for an ordered array of circular pillars. According to their model, the maximum droop δ of the droplet can be calculated by the formula δ = ( √ 2P − D) 2 /(8R), where R is the radius of the drop, D is the pillar diameter and P is the array pitch [25] .
This equation suggests that several parameters can be varied to control the drop penetration depth and therefore the DNA sticking point.
In particular, Laplace pressure can be tuned by varying the initial drop volume according to its radius R. Moreover, further design parameters that can be varied are the pillar sizes (such as the pillar diameter) and the array pitch P . The control of these parameters can be easily achieved thanks to the standard lithographic techniques, and can provide a fine tuning of the sticking point of the DNA bundles.
Our findings suggest that a tridimensional ordered array of DNA molecules can be obtained by the deposition of several droplet on the same substrateby varying the droplet initial position and volume, and the latter controlling the Laplace pressure.
The precise control of the DNA position demonstrated here can be exploited for the development of novel micro-devices with potential application in a wide range of genetic studies. The fabrication of large ordered DNA arrays has been proposed as a promising strategy to perform highly automated analysis in the next-generation DNA chips [26] . Moreover thanks to its high aspect ratio, DNA is also an attractive candidate for the realization of highly aligned 1D nanostructure, showing the potential to address many challenges in electronics [27] [28] [29] . To this purpose, the precise controlling over the DNA positioning in the three directions of the space could help the integration of functional DNA filament into devices, since the integration process usually starts from the fabrication of metallic electrodes followed by the alignment of DNA above the electrodes.
Beside DNA applications, the ability to precisely position biological objects in a defined portion of space, could have a positive impact on the study of blood proteins, such as ferritin and low density lipoproteins, which are often available in very limited quantity [30] [31] [32] [33] [34] [35] . Furthermore, this system could be particularly important as a scaffold for the growth of controlled networks of biological molecules [36] [37] [38] .
Conclusions
In this paper we demonstrate the possibility to realize highly ordered arrays of stretched DNA bundles by using superhydrophobic patterned surfaces initially wetted in the Cassie-Baxter state. To this purpose we fabricated two superhydrophobic pillar surfaces with different pillar geometries. In both cases, the pillars were decorated with small features resembling tips. These structures allowed us to obtain a fine control over the DNA bundles position in the plane parallel to the device surface.
Moreover we investigated the possibility to exploit the Cassie-to-Wenzel transition in order to control also the DNA sticking point in the third direction of the space. In particular we found that, when the superhy-drophobic surfaces are wet in the Cassie state, the DNA bundles stick exclusively above pillars. However, under evaporation conditions, a transition between the Cassie state and a Wenzel state occurs as a consequence of an increase in the Laplace pressure which, in its turn, is due to a decrease in the drop radius. After the transition, a large ordered array of DNA bundles can be found. However, DNA bundles do not stick on the pillar top surface; they stick on the lower part of the pillars instead.
These results open the way to realization of tridimensional self-assembled arrays of DNA bundles showing the potential to address challenges in several field including DNA electronics and the development of novel DNA chips for genetic analysis.
